1. Introduction {#sec1}
===============

Lung cancer is not only the most commonly diagnosed cancer but also the leading cause of cancer-associated death worldwide [@bib1]. Despite advances in early diagnosis and treatment, the prognosis of patients with lung cancer remains very poor, with a 5-year survival rate of around 16% [@bib1]. Therefore, screening for, identifying, and validating bioactive compounds with anti--lung cancer potential is important for developing improved lung cancer treatments.

*Panax ginseng* Meyer (Araliaceae), also known as Korean ginseng, is a type of ginseng that has been used for various therapeutic purposes in traditional Korean medicine. *P. ginseng* is found in Korea, the northeastern region of China, and the eastern region of Siberia. In Korea, *P. ginseng* roots are treated with cycles of steaming and drying, which make the roots turn dark [@bib2]. The final processed product is called Korean Red Ginseng (KRG), a heat-processed Korean ginseng. KRG extract is a well-known commercial product in Korea and is consumed to promote well-being and vitality. For the last few decades, extensive studies on KRG extract have demonstrated its potent pharmacological activities including anticancer, antiinflammatory, antioxidant, and antidiabetic effects [@bib3], [@bib4], [@bib5], [@bib6].

Ginseng contains a variety of ginsenosides with diverse biological activities. Although ginsenosides Rb1, Rb2, Rc, Rd, and Rg1 are the main constituents in both dried (white) and steamed (red) ginseng, KRG has been reported to contain more less polar ginsenosides such as Rg3, Rg5, Rk1, and F4 [@bib7]. These less polar ginsenosides have been shown to exhibit potent biological activities, including radical scavenging, vasodilating, and neuroprotective activities, as well as antiproliferative activity against cancer cells [@bib8], [@bib9], [@bib10], [@bib11].

The anticancer potential of KRG has been demonstrated in various types of human cancer, including prostate, liver, colon, and breast cancer, both *in vitr*o and *in vivo* [@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16]. In addition, long-term treatment with KRG extract and its less polar ginsenosides Rg3 and Rg5 was shown to reduce the incidence of benzo(a)pyrene--induced lung tumors in mice [@bib17]. However, little is known regarding the mechanisms underlying the antitumor effects of KRG and its constituents. Although one study showed that a lipid-soluble KRG extract is cytotoxic to the human lung cancer cell line H460 *in vitro* [@bib18], the specific chemical components responsible for its cytotoxic effect against lung cancer cells remain to be elucidated. In addition, because the genetic heterogeneity of cancer (e.g., the status of the tumor suppressor *p53* gene) is correlated with chemo resistance in patients with cancer [@bib19], [@bib20], the antiproliferative effects of KRG and its constituents against human lung cancer need to be further validated in more human lung cancer cell lines.

In the present study, as part of our continuing efforts to discover compounds in Korean natural resources with antiproliferative activity against human lung cancer [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], we explored the antiproliferative effects of KRG against human lung cancer cells. Six ginsenosides (**1--6**) were isolated from the active fraction through bioactivity-guided fractionation based on their cytotoxic activity and subsequent chemical investigation. The isolated ginsenosides were then evaluated for their cytotoxicity against human lung cancer cell lines. Here, we present the cytotoxic effects of KRG on human lung cancer cells *in vitro*, identify the active compounds responsible for these effects, and determine the underlying mechanism of their actions.

2. Materials and methods {#sec2}
========================

2.1. Preparation of KRG extract {#sec2.1}
-------------------------------

KRG extracts were manufactured from the roots of fresh 6-year-old *P. ginseng* provided by the Korea Ginseng Corporation ([Supplemental materials and methods](#appsec1){ref-type="sec"}).

2.2. Isolation of compounds using bioactivity-guided fractionation {#sec2.2}
------------------------------------------------------------------

KRG extract (10 g) was dissolved in distilled water and successively solvent partitioned with hexane (HX), dichloromethane \[CH~2~Cl~2~ (MC)\], ethyl acetate \[EtOAC, (EA)\], and *n*-butanol (*n*-BuOH) (each 700 mL × 3), thereby generating HX- (103 mg), MC- (325 mg), EA- (134 mg), and BuOH (246 mg)-miscible fractions, respectively. The resultant fractions were then dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA) as stock solutions at a concentration of 150 mg/mL and evaluated for their cytotoxic activity against human lung adenocarcinoma cell lines.

To identify the cytotoxic chemical constituents, the EA-soluble fraction (134 mg) was chosen for further investigation. The rationale behind this choice was that the EA-soluble fraction showed the highest cytotoxic activity against all human lung adenocarcinoma cell lines examined. The detailed process of the isolation of compounds from the EA-soluble fraction was described in [Supplemental materials and methods](#appsec1){ref-type="sec"}.

2.3. Cell culture {#sec2.3}
-----------------

All human lung adenocarcinoma cell lines, the A549 cell line expressing wild-type *p53*, the H1264 cell line harboring mutant *p53*, the H1299 cell line, and the Calu-6 cell line null for *p53* [@bib26], [@bib27], were grown in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA) and antibiotics (WelGENE, Seoul, Korea) as previously described [@bib21]. The origin of the cell lines was described in [Supplemental Materials and Methods](#appsec1){ref-type="sec"}.

2.4. Cell viability analysis {#sec2.4}
----------------------------

5 × 10^3^ cells per well were plated in 96-well tissue culture plates (Thermo Fisher Scientific, Waltham, MA, USA) and grown overnight. The cells were then incubated with various concentrations of KRG fractions or compounds isolated from the EA fraction. Cells were also treated with growth medium containing 0--1.0% DMSO as vehicle controls. At 48 h after treatment, the viability of human lung cancer cells was assessed using the WST-1 cell proliferation assay kit (Daeil Lab Service Co., Ltd, Seoul, Korea) as previously described [@bib24]. Data are presented as percentages of the corresponding vehicle control. The IC~50~ values of the KRG fractions and the isolated compounds were determined by nonlinear regression analysis of the dose--response curve using GraphPad Prism 5.0 (GraphPad Software, Inc., San Diego, CA, USA).

2.5. TUNEL assay {#sec2.5}
----------------

7.5 × 10^3^ cells were seeded on 12-mm glass coverslips and grown overnight. The cells were then treated with 400 μg/mL of each KRG fraction or 250 μM of ginsenoside Rg3 isolated from the EA fraction. Cells were also incubated with growth medium containing 0.27% or 0.5% DMSO as vehicle controls. After 48 h of treatment, apoptotic cells were assessed by TUNEL staining using the DeadEnd labeling kit (Promega, Madison, WI, USA) following the manufacturer\'s instructions and examined under a fluorescence microscope (Carl Zeiss, Jena, Germany) as previously described [@bib24]. The percentage of apoptotic cells was defined as the number of cells positive for TUNEL staining divided by the total number of cells counted in six randomly selected high-power fields (400×) on each slide.

2.6. Immunoblotting {#sec2.6}
-------------------

5 × 10^5^ H1264 and Calu-6 cells were plated in 60-mm tissue culture dishes (Thermo Scientific), grown overnight, and treated with growth medium containing 250 μM of ginsenoside Rg3 (isolated from the EA fraction) or 0.5% DMSO as a vehicle control. Cells were also treated with 1 μM doxorubicin (Sigma-Aldrich) as a positive control. At 18 or 48 h after treatment, cells were harvested and lysed with Radioimmunoprecipitation assay (RIPA) buffer supplemented with 1 μM DTT, 10 mM NaF, 1 mM Na~3~VO~4~, 1 mM phenylmethylsulfonyl fluoride (PMSF) (Sigma-Aldrich), and a protease inhibitor cocktail (Roche, Mannheim, Germany). Proteins in the resultant whole cell lysates were then separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and probed for apoptosis-inducing factor (AIF), poly (ADP-ribose) polymerase (PARP), and β-Actin as a loading control using anti-AIF, anti-PARP (Cell Signaling Technology, Danvers, MA, USA), and anti-β-Actin (Thermo Scientific) antibodies, respectively.

Relative gel densities were determined by densitometric analysis using ImageJ software (NIH, Bethesda, MD, USA) and normalization to β-actin as previously described [@bib28].

2.7. Immunofluorescence {#sec2.7}
-----------------------

7.5 × 10^3^ H1264 and Calu-6 cells were seeded on 12-mm glass coverslips, grown overnight, and incubated with 250 μM of ginsenoside Rg3 (isolated from the EA fraction) or 0.5% DMSO as a vehicle control. At 18 h after treatment, cells were fixed with 4% formaldehyde in Phosphate-buffered saline (PBS) for 10 min, permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) in PBS (PBST) for 15 min, and blocked with 10% normal goat serum (NGS, Millipore, Temecula, CA, USA) in PBST for 1 h at room temperature. The cells were then incubated with anti-AIF antibodies diluted 1:50 in 2% NGS in PBST overnight at 4°C, further incubated with goat anti-rabbit IgG secondary antibodies conjugated with Alexa Fluor 594 dye (Invitrogen, Carlsbad, CA, USA) diluted 1:1000 in 2% NGS in PBST for 2 h at room temperature, and counterstained with 1 μg/mL Hoechst dye to visualize cell nuclei. The percentage of cells with nuclear AIF was defined as the number of cells positive for nuclear AIF staining divided by the total number of cells counted in six randomly selected high-power fields (630×) on each slide.

2.8. Statistical analysis {#sec2.8}
-------------------------

The Student two-tailed unpaired *t* test was used to evaluate the statistical significance of differences between cells treated with KRG fractions or the isolated compounds versus cells treated with vehicle controls. Data are presented as means ± standard error of the mean (SEMs), and *p* values less than 0.05 were statistically significant.

3. Results and discussion {#sec3}
=========================

To examine the biological activities of KRG in human lung cancer cells, the KRG extract was fractionated into four fractions: HX-soluble, MC-soluble, EA-soluble, and BuOH-soluble. Because the tumor suppressor *p53* has been shown to confer chemo resistance in many types of human cancer [@bib19], [@bib20], the effects of each fraction on human lung cancer cells were investigated in four human lung adenocarcinoma cell lines, A549, H1264, H1299, and Calu-6, with different *p53* statuses ([Fig. 1](#fig1){ref-type="fig"}). Assessment of viable cells using the WST-1 assay after 48 h of treatment revealed that, among the four KRG fractions, the EA-soluble fraction significantly reduced cell viability in all human lung cancer cell lines in a dose-dependent manner, with IC~50~ values ranging from 229.1 μg/mL to 393.3 μg/mL ([Fig. 1](#fig1){ref-type="fig"}A--1D). These observations suggest that KRG has cytotoxic potential against human lung cancer cells and that its EA fraction contains constituent(s) mediating its cytotoxic effects. In addition, these data also imply that cellular *p53* status does not affect the cytotoxic activity of KRG toward human lung cancer cells.Fig. 1**The EA fraction of KRG extract significantly decreases the viability of human lung adenocarcinoma cells.** (A) Effects of the HX, MC, EA, and BuOH fractions of KRG extract on the viability of A549 cells. (B) Effects of the HX, MC, EA, and BuOH fractions of KRG extract on the viability of H1264. (C) Effects of the HX, MC, EA, and BuOH fractions of KRG extract on the viability of H1299. (D) Effects of the HX, MC, EA, and BuOH fractions of KRG extract on the viability of Calu-6 cells. Cells were treated with the fractions at the indicated concentrations for 48 h. The viability of cells was then assessed by WST-1 assay. Data are presented as means ± SEMs.BuOH, *n*-butanol; EA, ethyl acetate; HX, hexane, MC, dichloromethane; KRG, Korean Red Ginseng.

Red ginseng has been demonstrated to induce apoptotic cell death in various types of human cancer cells, including colon and breast cancer cells [@bib29], [@bib30]. Therefore, it is possible that the cytotoxicity of KRG to human lung cancer cells is mediated by apoptosis. Indeed, on treatment with the EA fraction of KRG, human lung cancer cells showed typical morphological features of apoptotic cells, such as rounding and shrinkage, membrane blebbing, and detachment from the substratum [@bib31] ([Supplemental Fig. 1](#appsec1){ref-type="sec"}). To further verify that KRG increases apoptosis in human lung cancer cells, we quantified the percentage of apoptotic cells using TUNEL staining in human lung cancer cell lines treated with each KRG fraction ([Fig. 2](#fig2){ref-type="fig"} and [Supplemental Fig. 2](#appsec1){ref-type="sec"}). At 48 h after treatment, neither the HX nor MC fraction had induced apoptosis in any human lung cancer cell line examined ([Fig. 2](#fig2){ref-type="fig"}A--2D). Although the BuOH fraction increased the percentage of apoptotic Calu-6 cells ([Fig. 2](#fig2){ref-type="fig"}D and [Supplemental Fig. 2D](#appsec1){ref-type="sec"}), it did not induce apoptosis in any other lung cancer cell line ([Fig. 2](#fig2){ref-type="fig"}A--2C). However, in parallel with the cell viability data shown in [Fig. 1](#fig1){ref-type="fig"}, the EA fraction dramatically increased the apoptotic cell population compared with the vehicle control in all human lung cancer cell lines ([Fig. 2](#fig2){ref-type="fig"}A--2D). Taken together, these results demonstrate that the EA fraction of KRG decreased the viability in human lung cancer cells by inducing apoptosis and further supports that the constituents of the EA fraction mediated the cytotoxic activity of KRG against human lung cancer cells.Fig. 2**The EA fraction of KRG extract induces apoptotic cell death in human lung adenocarcinoma cells**.(A) Quantitation of apoptotic cells in A549 cells treated with the HX, MC, EA, and BuOH fractions of KRG extract. (B) Quantitation of apoptotic cells in H1264 cells treated with the HX, MC, EA, and BuOH fractions of KRG extract. (C) Quantitation of apoptotic cells in H1299 cells treated with the HX, MC, EA, and BuOH fractions of KRG extract. (D) Quantitation of apoptotic cells in Calu-6 cells treated with the HX, MC, EA, and BuOH fractions of KRG extract. Cells were treated with the fractions or DMSO as a vehicle control for 48 h. Apoptotic cells were then detected by TUNEL staining. Data are presented as means ± SEMs. *\*\*p* \< 0.01.BuOH, *n*-butanol; DMSO, dimethyl sulfoxide; EA, ethyl acetate; HX, hexane, MC, dichloromethane; KRG, Korean Red Ginseng.

Therefore, we then investigated the EA fraction to identify which constituents in this fraction contributed to the cytotoxicity of KRG against human lung cancer cells *in vitro*. Chemical investigation of the EA fraction using semipreparative HPLC purification together with LC/MS analysis led to the isolation of ginsenoside Rb1 (**1**) [@bib32], ginsenoside Rb2 (**2**) [@bib33], ginsenoside Rc (**3**) [@bib33], ginsenoside Rd (**4**) [@bib34], ginsenoside Rg1 (**5**) [@bib35], and ginsenoside Rg3 (**6**) [@bib36] ([Fig. 3](#fig3){ref-type="fig"}). These ginsenosides were identified by the guidance of NMR spectra, LC/MS data, and comparison with previously reported data.Fig. 3**Chemical structures of the compounds 1--6**.

All six isolated ginsenosides were then evaluated for their cytotoxic effects against human lung cancer cells ([Fig. 4](#fig4){ref-type="fig"}). Among the isolated ginsenosides, ginsenoside Rg3 exhibited the most potent cytotoxicity to all human lung cancer cell lines tested, with IC~50~ values ranging from 161.1 μM to 264.6 μM ([Fig. 4](#fig4){ref-type="fig"}A--4D and [Table 1](#tbl1){ref-type="table"}). Moreover, the cytotoxic effects of ginsenoside Rg3 were dose dependent. In addition, the cytotoxic effect of ginsenoside Rg3 against human lung cancer cells was not correlated with the cellular *p53* status. These findings strongly suggest that ginsenoside Rg3 is the main constituent responsible for the cytotoxic effect of KRG against human lung cancer cells *in vitro*.Fig. 4**Ginsenoside Rg3 isolated from the EA fraction of KRG reduces the viability of human lung cancer cells.** (**A**--**D**) Cell viability was assessed by the WST-1 assay in four human lung adenocarcinoma cell lines, (A) A549, (B) H1264, (C) H1299, and (D) Calu-6, after treatment with ginsenosides Rb1, Rb2, Rc, Rd, Rg1, and Rg3 isolated from the EA fraction of KRG for 48 h. Data are presented as means ± SEMs.EA, ethyl acetate; KRG, Korean Red Ginseng.Table 1IC~50~ values (μM) for the six ginsenosides isolated from the EA fraction of KRG against human lung cancer cell linesCell linesCompoundsRb1Rb2RcRdRg1Rg3A549ND[1](#tbl1fn1){ref-type="table-fn"}NDNDNDND264.6 ± 4.5[2](#tbl1fn2){ref-type="table-fn"}H1264NDNDND466.5 ± 8.3ND235.2 ± 4.5H1299455.4 ± 10.2454.3 ± 19.5461.9 ± 10.9404.5 ± 8.2ND161.1 ± 9.9Calu-6NDNDND447.8 ± 1.4ND182.5 ± 6.3[^2][^3]

Ginsenoside Rg3 has been shown to induce apoptosis in various types of human cancer cells, including glioblastoma, hepatocellular carcinoma, and colon cancer cells [@bib37], [@bib38], [@bib39]. Consistent with these findings, on ginsenoside Rg3 treatment, human lung cancer cells underwent morphological changes similar to those treated with the EA fraction of KRG ([Supplemental Fig. 3](#appsec1){ref-type="sec"}), implying that ginsenoside Rg3 reduces the viability of human lung cancer cells by inducing apoptosis. To further confirm the proapoptotic activity of ginsenoside Rg3 against human lung cancer cell lines, lung cancer cells were treated with ginsenoside Rg3 and then apoptotic cell death was measured using TUNEL staining ([Fig. 5](#fig5){ref-type="fig"}). As expected, treatment with ginsenoside Rg3 for 48 h significantly increased the apoptotic subpopulations of all human lung cancer cell lines tested compared with DMSO-treated control cells. These observations suggest that the cytotoxic effect of ginsenoside Rg3 against human lung cancer cells is mediated by its proapoptotic activity and further support that the cytotoxicity of KRG to human lung cancer cells can be attributed to ginsenoside Rg3.Fig. 5**Ginsenoside Rg3 increases the subpopulation of human lung adenocarcinoma cells undergoing apoptosis.** (A) Representative images of TUNEL staining (*left*) and quantitation of TUNEL-positive cells (*right*) in A549 cells treated with KRG-derived ginsenoside Rg3 or 0.5% DMSO (DM) as a vehicle control for 48 h. (B) Representative images of TUNEL staining (*left*) and quantitation of TUNEL-positive cells (*right*) in H1264 cells treated with KRG-derived ginsenoside Rg3 or 0.5% DMSO (DM) as a vehicle control for 48 h. (C) Representative images of TUNEL staining (*left*) and quantitation of TUNEL-positive cells (*right*) in H1299 cells treated with KRG-derived ginsenoside Rg3 or 0.5% DMSO (DM) as a vehicle control for 48 h. (D) Representative images of TUNEL staining (*left*) and quantitation of TUNEL-positive cells (*right*) in Calu-6 cells treated with KRG-derived ginsenoside Rg3 or 0.5% DMSO (DM) as a vehicle control for 48 h. Data are presented as means ± SEMs. Scale bar: 50 μM. *\*\*p* \< 0.01.DMSO, dimethyl sulfoxide; KRG, Korean Red Ginseng.

In various types of human cancer cells including glioblastoma, hepatocellular carcinoma, colon cancer, and gallbladder, ginsenoside Rg3 has been shown to induce apoptosis in a caspase-dependent manner [@bib37], [@bib38], [@bib39], [@bib40]. However, a recently published study demonstrated that ginsenoside Rg3 also triggers apoptosis in human hepatocellular carcinoma and colon cancer cells in a caspase-independent manner [@bib41]. Furthermore, in neuroblastoma cells, ginsenoside Rg3 blocks apoptosis by attenuating caspase-3 activation [@bib42]. Hence, it is likely that ginsenoside Rg3 induces apoptosis in human cancer cells in caspase-dependent and/or caspase-independent ways, depending on the specific cellular context and experimental conditions. To explore the mechanisms underlying apoptosis induced by KRG-derived ginsenoside Rg3 in human lung cancer cells, we assessed cleavage of PARP, a surrogate marker of caspase activation [@bib43], in H1264 and Calu-6 cells treated with ginsenoside Rg3 ([Fig. 6](#fig6){ref-type="fig"}). After 48 h, the well-known anticancer agent doxorubicin (which induces apoptosis via caspase activation) dramatically increased the levels of the cleaved form of PARP in both H1264 and Calu-6 cells, compared with the level in vehicle control-treated cells [@bib44]. However, ginsenoside Rg3 treatment failed to significantly induce PARP cleavage compared with the vehicle control in these lung cancer cell lines. These observations suggest that KRG-derived ginsenoside Rg3 induces apoptosis in the lung cancer cell lines examined through a caspase-independent pathway.Fig. 6**KRG-derived ginsenoside Rg3 does not induce PARP cleavage in H1264 or Calu-6 human lung cancer cells.** H1264 and Calu-6 cells were incubated with 250 μM of KRG-derived ginsenoside Rg3 for 48 h. Cells were also treated with 0.5% DMSO and 1 μM doxorubicin (Doxo) as a negative and positive control, respectively. Whole cell lysates were then prepared and probed for PARP and β-actin as a loading control. DMSO, dimethyl sulfoxide; KRG, Korean Red Ginseng; PARP, poly (ADP-ribose) polymerase.

Nuclear translocation and upregulation of AIF, a flavoprotein normally residing in the mitochondrial intermembrane, elicits chromatin condensation and fragmentation, leading to apoptosis without evidence of caspase activation [@bib45], [@bib46]. Therefore, to further verify that KRG-derived ginsenoside Rg3 induces apoptosis in human lung cancer cells through a caspase-independent apoptotic pathway, we examined the effect of ginsenoside Rg3 on the expression and subcellular localization of AIF in H1264 and Calu-6 cells ([Fig. 7](#fig7){ref-type="fig"}). Of note, ginsenoside Rg3 treatment for 18 h significantly increased the expression of AIF in both lung cancer cell lines ([Fig. 7](#fig7){ref-type="fig"}A). In addition, detection of AIF using immunofluorescence staining revealed that ginsenoside Rg3 induced nuclear accumulation of AIF in these cell lines ([Fig. 7](#fig7){ref-type="fig"}B). These observations indicate that ginsenoside Rg3 induced apoptosis in the human lung cancer cell lines tested by inducing AIF expression and by stimulating nuclear translocation of AIF. They also support the hypothesis that ginsenoside Rg3 is cytotoxic to human lung cancer cells by inducing apoptosis in a caspase-independent manner.Fig. 7**Treatment with KRG-derived ginsenoside Rg3 increases AIF expression and triggers AIF nuclear localization in H1264 and Calu-6 cells.** (**A**) H1264 and Calu-6 cells were incubated with 250 μM KRG-derived Rg3 or 0.5% DMSO as a vehicle control for 18 h. Whole cell lysates were then prepared and probed for AIF and β-actin as a loading control. (**B**) Representative images are shown of H1264 and Calu-6 cells stained for AIF (*left*) and quantitation of cells with nuclear AIF (*right*) after treatment with 250 μM KRG-derived ginsenoside Rg3 or 0.5% DMSO as a vehicle control for 18 h. Arrowheads indicate cells with nuclear translocation of AIF. Data are presented as means ± SEMs. Scale bar: 50 μM. *\*\*p* \< 0.01.AIF, apoptosis-inducing factor; DMSO, dimethyl sulfoxide; KRG, Korean Red Ginseng.

Long-term administration of the KRG extract or of KRG-derived ginsenoside Rg3 has been shown to significantly reduce lung tumor incidence mediated by benzo(a)pyrene in mice [@bib17]. However, the mechanisms underlying the antitumor activities of KRG and its constituents (e.g., ginsenoside Rg3) against lung cancer remain to be fully elucidated. In this study, we found that KRG extract, its EA fraction, exerted antiproliferative effects against four different human lung adenocarcinoma cell lines, A549, H1264, H1299, and Calu-6. These effects were irrespective of cellular *p53* status and were mediated by induction of apoptotic cell death. In addition, we demonstrated that the cytotoxic effects of KRG against human lung cancer cells can be attributed to the cytotoxic and proapoptotic activities of ginsenoside Rg3. Together with a previous study showing the *in vitro* cytotoxicity of the lipid-soluble KRG fraction against the H460 human lung cancer cell line [@bib18], our findings provide a partial explanation for the molecular basis of the antitumor potential of KRG against lung cancer previously observed *in vivo* [@bib17]. They also support the potential use of KRG as a functional food for the prevention and treatment of human lung cancer.

Ginsenoside Rg3 has been demonstrated to have various pharmacological activities with anticancer properties, such as angiostatic and immunomodulatory activities as well as antiproliferative activity against cancer cells [@bib47]. In particular, the cytotoxic effects of ginsenoside Rg3 have been evaluated in a broad spectrum of cancer types in both *in vitro* and *in vivo* models [@bib37], [@bib38], [@bib39], [@bib40], [@bib41], [@bib47], supporting its potential use for therapeutic intervention in cancer. However, the molecular mechanisms underlying its cytotoxicity against cancer cells are still under debate. Most studies have shown that ginsenoside Rg3 is cytotoxic to various types of human cancer cells, including glioblastoma, hepatocellular carcinoma, breast cancer, colon cancer, and gallbladder cancer, by inducing caspase-dependent apoptosis [@bib37], [@bib38], [@bib39], [@bib40], [@bib48]. However, a recently published study demonstrated that in hepatocellular carcinoma and colon cancer cells, apoptosis triggered by ginsenoside Rg3 treatment is partially but not significantly attenuated by pharmacological inhibition of caspases [@bib41], suggesting that the proapoptotic activity of ginsenoside Rg3 is also mediated by caspase-independent apoptotic pathways. Indeed, in this study, we observed that ginsenoside Rg3 induced apoptosis in human lung cancer cells in a caspase-independent manner. In addition, we demonstrated for the first time that ginsenoside Rg3 affected the expression and subcellular localization of AIF, which are key events in the caspase-independent intrinsic apoptotic pathway [@bib45], [@bib46], in human lung cancer cells.

Considering our findings and previous studies, we hypothesize that ginsenoside Rg3 induces apoptosis in human cancer cells by triggering caspase-dependent and/or caspase-independent pathways, depending on the particular cellular context and experimental conditions. Similar to ginsenoside Rg3, ginsenoside compound K and ginsenoside Rh2 have also been shown to exhibit cytotoxic activities against human cancer cells by activating caspase-mediated and AIF-mediated cell death [@bib49], [@bib50], [@bib51], [@bib52]. These findings further support our hypothesis that both caspase-dependent and caspase-independent pathways mediate the proapoptotic activity of ginsenoside Rg3 in human cancer cells. Taken together, our findings broaden the potential application of KRG and its ginsenoside Rg3 for treating human lung cancer, especially non--small cell lung carcinoma resistant to induction of apoptosis by conventional cancer therapies, such as chemotherapy and radiotherapy [@bib53], [@bib54].

In conclusion, here we demonstrated that KRG was cytotoxic to human lung cancer cells *in vitro* and that this effect was mediated by the induction of apoptosis. In addition, we identified ginsenoside Rg3 as the main active constituent contributing to the cytotoxicity of KRG to human lung cancer cells. Furthermore, we found that ginsenoside Rg3 upregulated AIF expression and stimulated nuclear translocation of AIF in human lung cancer cells, leading to caspase-independent apoptotic cell death. Our findings reveal the potential of KRG as a functional food for lung cancer prevention and treatment as well as its underlying mechanism of action.
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